We investigated the laser pulse-width dependence of dense plasmas confined within the magnetic length of In0.2Ga0.8As/GaAs multiple quantum wells under high magnetic fields up to 31 T. To fully fill the Landau levels of effectively zero-dimensional system, we used intense femtosecond (fs) laser pulses to create carrier densities near 10 13 /cm 2 . The observed photoluminescence showed a characteristic of superfluorescence, above critical magnetic field when being excited by pulses shorter than coherence buildup time.
I. INTRODUCTION
The spontaneous appearance of macroscopic coherence such as Bose-Einstein condensation and superconductivity is among the most dramatic cooperative phenomena in condensed matter physics, and the search for ordered exciton states is the subject of intense current research [1] . In quantum electrodynamics, under specific physical conditions there exists a related selforganization process of the same fundamental importance, called superfluorescence (SF) [2, 3] . In this process, a system of N inverted atoms is incoherently prepared, but macroscopic coherence builds up self-consistently starting from vacuum fluctuations at a sufficiently high density N, after a certain delay time called coherence buildup time t d [3] . The resultant macroscopic dipole decays superradiantly, producing a burst of coherent radiation. The exotic SF pulses have been observed in atomic gases [4, 5] and rarefied impurities in crystals [6, 7] but only recently observed in semiconductor systems [8, 9] because of ultrafast decoherence. As a new route to overcoming this obstacle, we use a magnetic field in order to confine charged carriers within, the so-called, magnetic length ( 25 nm/ ～ B 1/2 , with magnetic field B in the unit of Tesla) in quantum wells (QWs). As such, we can simulate ideal nano-scale quantum optics in atomic-like environment without disturbance from alloy or size fluctuations. The intense femtosecond (fs) laser pulses create and probe quantum coherence between electrons and holes, combined with a strong perpendicular magnetic field to increase the density of states through quantum-dot-like Landau quantization. The spontaneous formation of a coherent quantum ensemble is fundamentally different from laser-driven coherence. Typically, such transitions occur at a critical temperature and/or density at which the particle interactions energetically favor a single N-body wave function.
We previously observed the emission of SF bursts from inter-Landau level (LL) recombination as evidenced from the resulting spectral, spatial, and statistical characteristics of the luminescence [8] . Our investigations revealed a clear transition from a spontaneous band-edge emis-sion regime at low carrier densities and magnetic fields to a randomly directed but highly collimated beam in SF regime at highest densities and magnetic fields. The effects of temperature on the threshold magnetic field for SF was understood based on a phonon model which modifies the coherence time T2 through acoustic and optical phonon scattering rates [9] . Here we extend these measurements to investigate how the SF emissions depend on the excitation pulse-width.
II. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental setup to perform luminescence measurements simultaneously under intense fs laser excitation and high magnetic fields was newly developed at the National High Magnetic Field Laboratory in Tallahassee, FL, USA. As shown in Fig. 1 (a), we used a 130 fs, 800 nm Ti:sapphire chirped pulse amplifier system (CPA), and measured photoluminescence (PL) as a function of magnetic field B. The magnetic field was perpendicular to quantum well plane and the emission was collected using optical fibers from the opposite face (center collection geometry) and a cleaved edge (edge collection geometry) of the sample and analyzed with a pair of spectrometer and charge-coupled device detectors. Samples used in this work were grown by molecular beam epitaxy on GaAs substrates, and consisted of a GaAs buffer layer followed by 15 layers of 8 nm undoped In0.2Ga0.8As QW separated by undoped 15 nm GaAs barriers and a 10 nm GaAs cap layer. The sample temperature and laser fluence were fixed at 10 K and at around 0.1 mJ/cm 2 , respectively. From our previous report [8] , luminescence scaling indicated saturation of SF emission strength above 0.1 mJ/cm 2 . To examine the emission characteristics in regard to ultrafast formation and decay of macroscopic coherence, we stretched the pulse width to 30 ps by using a pulse stretcher composed by a grating pair, a lens pair, and a mirror as cartooned in Fig. 1 (b) . Figure 2 displays experimental (dotted lines) and theoretical (solid lines) spectra of (a) absorption coefficient measured by using low power tungsten lamp (N < 10 10 /cm 2 ) and (b) PL pumped by CPA with 130 fs pulse width, for different total carrier densities. The main interband transitions between electronic and heavyhole LLs are denoted by 0-0, 1-1, and 2-2 in Fig. 2 . Other various minor peaks were assigned to mixed states between dark and bright quantum levels [10] . The detailed theoretical approaches to obtain the spectra were previously reported [10] . We note Fig. 2 (a) Fig. 2 (b) at 30 T which are associated with effective mass renormalization caused by high carrier densities [11] . The peak splitting in theory is due to different spin states under B fields while not resolved in actual measurements.
As the carrier density increases from 10 2 is because the theoretical curve only includes the spontaneous emission component in clear contrast to amplified sharp features that are prominent at specified LLs in experimental data. In addition, the peak separation at each LL was associated with spin splitting in the theory which wasn t ' observed in the experiment. We also note that the excited carrier density of 10 13 /cm 2 is much higher than the Mott density in GaAs-based quantum well system (10 11 /cm 2 ) [12] . Therefore, this high carrier density of 10 Superfluorescence from Magnetically Formed Quantum
magnetic length is reduced by 2 times compared to the zero-field exciton Bohr radius, one could expect plasma rather than excitonic states, comparing the wavefunction size with magnetic length. In this regard, whether the luminescence originates from exciton or plasma needs to be further studied, considering the carrier-carrier interaction under high magnetic fields. Figure 3 shows emission spectra in edge collection geometry by exciting (a) 130 fs pulse or (b) 30 ps pulse as a function of magnetic fields. The 1-1 LL emission strength compared with 0-0 LL was much stronger in Fig. 3 (a) than in Fig. 3 (b) . This indicates a certain amount of slow carrier relaxation from higher LL down to 0-0 LL exists over the temporal scale of 30 ps. We also note the oscillatory behavior at 1-1 and higher LLs. Such oscillatory behavior is related to the enhanced emission strength when the LLs of 2 nd quantum confined states are mixed with those of 1 st quantum well states and will be fully discussed elsewhere [13] .
In Fig. 4 (a) , we traced the peak energy position of sharp Lorentzian feature in 0-0 LL at different pulse width, compared to the case of CW absorption. The Lorentzian shape is natural for amplified spontaneous emission or SF processes above 12 T, while the CW absorption can be well fit by Gaussian. In Fig. 4 (a) , the slope of peak position curve was reduced in the case of pulsed excitation due to the effective mass renormalization by sudden high carrier injection [11] . The red-shifted peak position for pulsed excitation also indicates the band gap renormalization [14, 15] . The effect of band gap renormalization was stronger at 130 fs pulse but the difference between 130 fs and 30 ps was mostly suppressed above 25 T. The 130 fs pulse creates carriers more abruptly than 30 ps pulse and the following carrier-carrier interactions will be enhanced to screen the excitonic Coulomb interactions more effectively. fs and 30 ps above 25 T, therefore, could be possibly associated with the combined effects of increased carrier density and reduced screening effects because of more confined wavefunction via B increment. We note that above 25 T the slope of peak position versus B in Fig.  4 (a) became more similar to CW absorption case, which suggests the reduction of effective mass renormalization in spite of increased carrier density at higher fields.
To investigate the characteristic of the emission in Fig. 4 (b) , we obtained linewidth for 130 fs (red) and for 30 ps (blue), following the Lorentzian lineshape analysis. Fig. 4 (b) displays the clear trend of increasing linewidths for 130 fs in contrast to those for 30 ps. 30 ps is much longer than the estimated coherence buildup time for SF in our system ( 10 ps) ～ [3, 8] and the intra-relaxation time on the order of 500 fs [16] . Since the increment of linewidth with B was a signature of SF [8] , plateau in the linewidth trace for 30 ps implies the saturated amplified spontaneous emission, not reaching SF regime.
III. CONCLUSION
In this experiment, we have performed photoluminescence measurements in In 0.2 Ga 0.8 As/GaAs multiple quantum wells in high magnetic fields using intense pulse laser source. The resultant spectra showed the luminescence from an ensemble of high carrier density of 10 13 /cm 2 . The pulse-width dependence further revealed that the degree of effective mass and bang gap renormalization varies with magnetic field. The linewidth showed increment only for 130 fs while being plateaued for 30 ps. These different characters of linewidth implies that the SF can be effectively generated in our system only for the excitation laser pulse width shorter than the coherence buildup time. 
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